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This group report is a reproduction of a paper
presented by thc author at the "Pulse Compression”
Symposium held at Rome Air Development Center on
June 25 and 26, 1957. ‘This paper will appear also
in the published proceedings of the "Pulse Compression”
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THE USE OF PULSE CODING TO DISCRIMINATE

AGAINST CIUTTER®

Roger Manrnsse™*

ABSTRACT

This paper considers the use cf pulse coding {cr pulee compressiou) in
radar to obtain impreved detecrinr 2 ° “zrge” . in clutter. The afZfoctivcuess
of this vechnique depends on the differing spatial characterietics oi the
target and clutter in contrast with the usual MTI which depends on the
differing time-varying properties. With the assumptions of a simple
clutter model and an appropriately optimized receiver, and with the aid of
known results in detectisn theory, an expression is derived fur the single-
pulse detection capability of a radar operating in the presence of both

clutter and additive white receiver noise. From the expression it is secn

¢t

hat detection performance is simply related to the spectrum of the
tragemitted aignal and, generally speaking, improves as the bandwidth of
the transmitted signal is increased. Results for clutter noise opoly or
receiver noise only appear as special casea. The implications of these

results for pulse coding (or pulse compression) in radar are discussed.

*
The research in thia documnpnt was supported jointly by the Army, Ravy,
and Air Force under contract with the Masszachusetts Institute of
Technology.

%
Staff Member, Lincoln laboratory, Massachusetts Institute of Technology.



T. ZIntroduction

Before proceeding with a theosectical discussion of “he applicatility
of pulse coding tc obtaining improved radar detecticu of targets in
clutter, let us consider briefly the ronvection butween the terma "pulee
coding" and "pulse compression.”

For a radar receiver operaling in Lie precencs ~¢ additive white
gauassian noise, modern atatictizal -t _ Li.2 Jheory indicates that
optimum receiver performance can b2 obtained with the ald of a linear
filter which is matched to the expected radar return, a filter which has
a unit impulse responuse which 1is simply a time inverted replica of the

1,2,3.

expecteld radar return. The cignal s(t) and noise are fed into a

matchcd filter with unit impulse reecponse h{t) = s(T - t).

MATCHED FILTER

| n(t) = s(T - 1) - >
s(t) + noise y(t)
Hir) = s(f)%e

[N

T {5 an arbitrary time delay factor chosen so that h{t) satisfies the

realizability ccndition
hit) =0 for t <0

In the frequerncy domiin the filter response 18 given by the expression
shown in Fig. L, where H(f) ard S(f) are the Fourier transforus of h(t)

and s(t), respectively. Then the ovtput of the matched filter y(t) is

equal to the convolution of s{%) with h{t) plus a noise term.
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r;
y(t) = / s(z)h(t - z)dz + nolse = U/‘s(z)s(T - t + z)dz + noise

-0 -0

= (T - t) + nolse

where @(7) 1s the autocorrelation Ifunction of s(t). Detection 18
performed at approximately time t - T where the signs) sutocorrelatio:n
frnction at the output of the fi1t~- r~ncha< [Ls peak.

Under the assumption that the receiving filter slways remains
matched to a delayed replica of the tranamitted signal, the signal
pulse at the output of the matched filter will always be the auto-
correlation function of tre truunsmitted signal. If, for various reasons,
we desire to have (in some sense) an autocorrelation funciion which is
short compared to the transmitted pulse length, it will be necessary to
code, 1.e. smplitude and phase modulate, the transmitted pulse in order
to increase its bandwidth appreciably beyond that for the uncoded pulse.*
Pulse compression, a term taken to refer to a process vwhereby a relatively
long low amplitude pulse is converted to a relatively short high ampliitcude
pulse, is brought about automatically by the matched filter vhen the
transmitted pulse has been coded. Thus, for owr purposes, the terms
"pulse compression” and "pulse coding” are synonymous and the terms can
be used 1ﬂterchangeably.
*Recalling that the autocorrelation function is the Fourier transform of
of the signal energy spectrur, we see that the requirements on the shape

of the output pulse can be expressed in terms of requircments on the shape
52 the signal energy spectrum.




The possibility of improving a radar's ability to discriminate against
clutter through che vse of pulse compression, wvhich is the subject of this
paper, wes suggested to the author by Dr. Robert F. Naka of the M.T.T.
Lincoln laboratory.

I1. Anslysis of the Problem

I,t us now consider a conventional pulged radar in vhich the doppler
shift on a single radar pulese is negligible: That is, the signa' pulse
reflected from a point target is simply a delayed and attenuated version
of the transmitted pulse. On the sweep return from e single pulse, then,
we completely ignore the time-varying properties of both the target and
the ciuiter. Following the procedure used by George,h the space surrounding

the redar, appropriately weighted with the antenna beam pattern, may be



considered as a linear fiiter wvhose transfer characteristic is characterized

by & unii impulse response function which 1s denoted W(t).

RECEIVER
v  NOISE

e

SPACE v(t) ‘

TRANSMITTER u(t)

RECEIVER

The transmitter generates the transmitted pulse, depoted u(t), which is
then reflected frem objects in the space surrounding the radar. This
process is equivalent to passing p(t) through the filter W(t) to produce
| the reflected waveform v(t) which presents itself to the raceiver along
‘ with receiver noise, where v(t) is given by

| .
v(t) - fu.(z)“(t - 2)dz
-0
We can imegine, without loss of generelity, that u(t) is generatcd in the
transmitter by sending a spike or &-function into a filter with iapulse

response u(t), and the above block disgram is equivalent to the following.

RECEIVER
NOISE

‘ |
wi\ﬁ u(t) -——”‘ﬂ—)\ w(t) v(t) RECEIVER




Because the frequency response function of the first two filters taken
in seriecc g gimply the product of the frequency response functions tror
the separate £i)2:rs, theco tuc filters may b interchanged without
aifecting v(t).
RECEIVER
‘ NOISE
e e 4
- |
| | |
. , Wit . . wf+)
—— w(t) _______2___i1 nis; ; RECEIVER
L
Figure b

Tn order to proceed turther we must sasume a model for the clutter
return. We saewme for the purpose of anuliysls that the clutter consists
of . large randcmly distridbuted ensemble of very small independent point

scatterers. That is,

w(t) = as(t - ts) + L akb(t - tk)
\\\\/\_/ ’.‘k____.__v- 7/
Signal Clutter noise

term ferm

The first term is the responsz of the point target to a transmitted
b-function. The amplitude A is finite, corresponding to the fact that
the cross sectiiuz is finite, while the time delay ts measures the range
of the target. The second term represents the clutter rescponse to a
8-function and is a sum of appropriately amplitude weighted and Aelayed

S-functions corresponding Lo the point scatierers of the clutter model.



The a, 's and ¢

)
R are taken
3 k

wen to be independent random variables. Consider
an interval of range, sufficiently amall so that the inverse fourth pnwver
«f range and other grometrical factors can be ignored across the interval.
Then the tk'a are uniformly dietributed across the interval. Jetting our
m>del for clutter approach the 1im!t fn vhich the diatribution of t 'se

X

over tha interval is infinitely dence ard the ak's nres {ufinitesimal, ve

ohtain & process which ia, mathemat!~-Q%+ oo L1y annlogous to “he shot
effect.) Thue, the clutter noise at the input to the filter u(t) in

Fig. 4 is equivalent to white gauseian vpoinre,

Then v(t), which is the outpv: >f the p(t) filter ard 1s the message

prenented to the radar receiver, is given by

v(t) = Au(t - ¢) + n(t)

Signal Clutter
noise

vhere nc(t) is the result of passing white gaussian clutter noise through
the u(t) filter. Bocause the u{t) fllter hae a spectral transfer function
given by |U(f)|2, nc(t) is simply colored gaussian noise with power
spectrum Nc(f) vhich i8 prupcrtional +o the energy spectrum of the

»*
transmitted signal. That 1is,
2
N (f) = elulr)]

vhere ¢ is a proportionality comstant wvhich depends on the intensity of

the clutter. Adding the cnlored noise from the clutter to the additive

*This fact has been noted by Lavson end Uhlenbeck, reterence 6.



vhite paussinn receiver nolse with noilse power per cycle N /2, and aoting
that theae two neises are independent, the result is colorad greussian noise

with peswer spectrum N(f).
N
ey = 52 o+ elu(n)|?

The problem presented to the receiver i{s that of detecti:ig the
returned radar signel Au(t - t_) in the presence nf colored gauvssian noise.
Dwork7 anl later Ccorgeu have independently extended silgnul detectability
theory to include the case of a known signal In colored gaussian 1.0ise.

Ir S(f) 1s the voltage spectrum of the signal and N(f) is the power spectrum
ol the noise, they have shown that the transfer function of the optimum

filter is given by

vhere T 1s n convenlently chosen time delay. Note that in the vhite nolse

case N(f) is e constant and the abcve expression becomes the transfer
function of tre usual matched filter. The above filter 1s really the
generalization of the motched filter to the colored noise case. The peak

signal-to-noine power ratio obtained with the above filter is given by

N 2
a/n) ” -ls(f) -
(5/¥) ot [ w4
-0

For our problem

-3

5(£) - fAu(: - ts>e‘2”"“' Gl o~ AU (f)e”PTRIE
o



and
Is(£)|° = A2Ju(r)|?

Asc, recalling that N(f) = % ¥_+ c|u(r)|? and substituting in the above

expresgsion, we have

2 [ ol
oo N+ clu(n)T

-0

4

(s/n)upt

The quantity (S/N)apt is a good measure of the single pulse detection
capability which is availeble from the optimum receiver.‘ Therefore, in
order to maximize the detectioun cerability we must choose the parameters
of the radar system to maximize (S/N)apt' The constants A and c are
determined by the nature of the target, the clutter and the gecmetrical
parameters of the system. Im this discussion we assume that these

parameters are not at our disvosal.

*Por an exactly knovn signal, Py (probability of detection) versus Py
(probability of false alarm) curves given in reference 3 can be used
1f one replaces 2E/X o Y (s/u)cpt’ In practice, the returned radar
signal is noi exmctly known because of unknown parameters such as time
delay. For a given PD these unknm parameters have the effect of
increasing the false alarm rale by an amon:t wvhich may depend on the
shape of transmitted signal waveform. However, for the level at which
most radars operate the increase in false alsrm rate introduced by

these uaknown parsmeters does not, seriously degrade the signal detectability.



10

Tt i3 of great interest to determine the dcpendence of (S/N)apt on
U{f), that 1s, the dependencc of tne signal dctectebility on the transmitted
signul wavefor. There are several conciusions which are immedistely
apparent, from the expression for {S/N)Gpt.

1. WYhen no clutter is present, that is when ¢ = O, (S/N)opt

depends only ou the ratio ~f the signal enerzy Lo noise
power per cynsle at the receiver., The-={ure we have the
well-known result that the detcotion capabllity depends
only on the energy of the trarsmitted pulsc ansd not on
its shape.

2. In the limit wvhere internal rnoise is negligible, that is
vhere N = 0 (or where the clutter return overpowcrs the
receiver noise), the integrand is a constant and (S/N) opt
devends only on the cffoctive system bandwidth. This
fact has been pointed out by George and Urkowitz.h’e’
In partfcular, the detectability does not depend on the
transmitted pulse energy.

If there are no restrictions on pulse energy and pulse banawidth,
i1t is aleo clear from the above expression that (S/N)opt can be made as
large as we please by chocaing lU(f)|2 to be sufficiently broad snd flat

*
versus frequency. For the purpose of this analysis, hovever, the

*
Thic conclusion depends critically on the clutter model which Las
been asgumed. In a practical redar situation the conclusion may not
; hold because of the discrete or granular nature of the clutter.



requirements on the shape of the trensmitted pulsze canm be derived by

maximizing ( S/N) opt subject to the requirements that tue pulse energy and
pulse bandwidth are fixed. That is,

[ n(t)2at = f lu{£)]%a¢ = E (a finite constant)

U(f) ~ O urless fl':f$f2 or -f,8 ££ -1,

where Af = f2 - fl is called the uvailable system bandwidth. 'The
maxdmization of (s/n)opt is a straightforward problem in the calculus of
variations which yields a very simple result. It says that the spectrum
of the transmitted puise should be flat over the avallable fraquency

band. 7Tnis result is independent of the constant ¢, and hence is
independent of what fraction of the noise is due to the receiver and

vhat fraction 1s due to the clutter. Thus, a t:rensmitted pulse which

has a flat spectrum over the available system bandwidih is optimum under
the assumed restrictions both at short ranges vhere clutter noise: tends

to predominate and at long ranges vhere thermal noisec tends to predominate.
Parenthetically it may be remarked that the requirements which have been
derived on the gpcctrum of the transmitted pulsc orc identical to the
requirements which would be derived by minimizing f Q(t)adt, the integral

of the gquared autocorrelation function, subject to the same resirictions.
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The optimired puwlue erergy spectrum IU(f)|2 should therefurc satisfy

-
e
i

lu(e)® - )
N

E/2nf tor f in ar //

(4] o2therwise \{

we ohtain

Substituting this in the exprcssion for (S/N)opt

. __2AE
opt,opt ~ W ¥ cEJAT

(5/5)
The opt,cpt denotes the fact that S/N has been opiimized hotin with respect
to the choice of receiving filter and shape of transmitted waveform. From
thia expression the desirability of having large Af in order to minimize
the effect of clutter noise and large E to minimize the effect of receiver
nolse is ecvident. For a pulse radar which is peak power limited E will be
propertional to Lhe pulse length. These two requirements, large system
bvandwidth and long pulse length., imply that the tranamitted pulse
have large time-baandwidth product. In cther words, the transmitted pulse
nmust be coded or phase modulatel to produce a time-bandwidth product
substantially greater than unity. For the optimized puise energy spectrum
the returned clutter noise spectrum &2 well as receiver pvise will be flat
over the signal bandwidth and theref{ore the optimum receiver filter must
be the usual matched filter which results from Lbe assumption of white
gaussiap background noise. One signal waveform which epproximately
satinfies the optimum copditions Aerived here is & Ymlse with rectanguls:
envelope und a carrier with linearly svwept frequency, where the pulse

length and frequency sweep are such thet the time-bandwidth product of the

pulse 18 much larger than one,
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It 18 of interest to ask what are some of the basic limitations on
the pulse coding or pfulse compression technique s2s a means for obtaining
improved detecticn of targets in clutter. Aside from obvious practical
difficulties assoclated with obtaining iransmitting and receiving electronic
components to handle wider bandwidth signals, there are basic limitations
due to the detailed properties of clutter and targets themselves. The
inharent granularity of the clutter which our mndel does not take into
account w:ll set an upper bound on the system banawidth Af which can be
utilized in the discrimination against clutter. For finely divided and
randomly distributed types of clutter such as ©v::.~ipitation (and to some
extent chall) the useful sysiun Lundwidth &F iy probably quite large, but
for ground clutter, which is not so well behaved vecause ot the presence
of large point scatterers (large rocks, cliffs, buildings, watertowers,
etc.), the useful Af may be much smaller. A second limitation on &f is
due to the fact that the target itself is not a point, but is actually a
distributed scatterer. Reasonablc target dimensions suggest a useful
system bandwidth in the vicinity of 10 mc.

What avout the compatibility of pulse compression techniques with
pulse-to-pulse integreation techniques employing MTI? Provided that the
pulse coding does not change trom one pulse to the next, pulse phase at
the output of the matched filter remains a well-defined quantity vhich
m&y be compared on a pulse-to-pulse basis. Thus, in principle, pulse
compresnion and MTT are compatible. In pulsed doppler systems range

gating or sampling followed by filtering can be rmployed et the output of
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the matched filter, but the number of range processing channzls will have
to correspond approximately to the effective number of resolvable range
intervals. The grealer the bandwidth of the transmitted pulses, th=
greater muat be the number of range processing channels. Thus, as &
practical matter for this type of data processing, pulse comprension will
require increased recelver complexity. MTI schemes employing two-pulsre

cr coeveral-pulse cancellation and intrxration ~%5uid not have to bhe
significantly modified if the delay lines and assoclated electronic
components in the data processing have sufficient bandwidth to acccmmodate

the coded pulses.

MTha wvwon

aAd IINT A
AT wmuw wa Y

MTI and pulse compressicin simulluneously to discriminate
against clutter appears to present a fortuitous combination. For generally
& type of clutter which responds poorly to one technique should respord
well to the other. For example, procipitation or chaff which sometimes
responds poorly to MTI becausc of its non-zero velocity should respond
well to the puise coding, while ground ciwtter wvhich; because of its
spatial properties, may respond poorly to pulse coding will rospond very
well to MTI.
III. Summary

The type of clutter discrimination which we have discusaed here ig
ottained by virtue of the spatial properties of the clutter rather than
its time-varying propcrties, as with MTI. Using a convenient model
epplicable to finely distributed clutter and proceeding from avalliable
results on the detection of a known smignal in colored gaussian noise, wa

have set up an expression for the single pulse detection capability for a
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radar operating in the presencce of both recelver noise and clutter noise.
Results for detection capability in the presence of predominantly clutier
or predominantly receiver nolse appear s speclal cases of this expression.
From the expression we have cesn that detection performance is simply
related to the spectrum of the transmitted signal. Sublect to the
regquircment of fixed transmitted Signal encrgy and {iicd system bandwiail:,
we have scen that the optimii opecir.u 10T iie transmitted pulse ic one
which 18 flat over the available system bandwidth and that this optimum is
indcpcndent of the relative strength of receiver and clutter noige. For

a redar whosc transmitter 18 vweak power limited, the logical result of
these considerations is a pu.se with large time-bandwidth piroduct, in
other words & codcd pulse. We have mentioned that one method of
approximately realizing the optimum pulsec spectrum is A linearly swept

FM pulse with rectangular envelope and large time-bandwidth product.
Lastly, it has been poin.ed out that pulse coding aAné MTT are not mutuelly
exclusive rader techniques. In fect, when used together they should form
a powerful combination for the purpose of obtaininrg improvcd detection of
targets in clutter.
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